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ABSTRACT 
The development of cement-based composites has been fruitful in the recent years. It is important to examine the 
new materials and technologies so they can fulfill repairing and strengthening applications in the structural 
engineering fields. An experimental study on the behavior of reinforced concrete beams strengthened in shear using 
an externally applied fiber reinforced cementitious matrix (FRCM) is presented. The PBO-FRCM system consists of 
two components: the reinforcing mesh is Polyparaphenylene benzobisoxazole – PBO fiber composite and the 
bonding agent is cementitious matrix. The test variables included two different configurations of U-wrapped systems 
and the PBO reinforcement’s ratio. The aims of this study were to investigate the effectiveness and the shear 
performance of the PBO-FRCM system for strengthening reinforced concrete beams in shear. All the beams were 
instrumented and tested under four-points loading. The test results included the observed shear contribution of the 
PBO-FRCM system and the failure mode of the strengthened beams.  
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INTRODUCTION 
Numerous reinforced concrete bridges and structures around the world are currently in need of repair or complete 
replacement as they approach the end of their service lives. Increases in traffic volume, traffic loads, and corrosion-
induced deterioration are necessitating significant expenditures to strengthen and rehabilitate existing structures 
(Baggio et al., 2014). Of the 163,000 single span concrete bridges in the United States, 23% are considered 
structurally deficient or functionally obsolete (Baggio et.al, 2014). In the last few decades, the fiber reinforced 
polymer systems have been widely used for retrofitting and strengthening reinforced concrete structural members. 
Although the use of fiber reinforced polymers has proven to give excellent performances both in terms of bonding 
and load carrying capacity, some drawbacks exist. The epoxy resin, in fact, has a low permeability, diffusion 
tightness, poor thermal compatibility with the base concrete, poor fire resistance, susceptibility to UV radiation and 
low reversibility (Ombres, 2011; Sveinsdóttir, 2012). As a result of these problems, alternative strengthening 
systems with cement based bonding agents were invented. One of these systems was PBO-FRCM system. The 
mechanical and durability properties of this system have been verified by Arboleda (2014) . It was concluded that 
this system could address the problems regarding fire resistance, moisture resistance, and energy absorption.  Its 
bond performance and flexure carrying capacity have been examined by many authors (Ombres 2011; 
Babaeidarabad et al., 2013; Loreto et al. 2013; D’Antino et al., 2014). The results of the experimental studies have 
shown the PBO-FRCM system’s great influence in enhancing the flexure carrying capacity of RC beams and 
improving in bond performance among the conventional FRP system. In spite the fact that the shear failure of a 
concrete structure is a catastrophic failure where no warning is observed prior its occurrence (Li et al., 2001), finite 
experimental data are available on using the PBO-FRCM system to strengthen RC beams in shear. Baggio et al. 
(2014) used U-wrapped fiber reinforced cement matrix strips to strengthen reinforced concrete beams in shear and 
the results have shown that the PBO-FRCM system can effectively enhance the shear carrying capacity by 30%. 
Diagonal shear failures followed by debonding of the FRCM system were observed. This work was conducted to 
study the shear performance of RC beams strengthened with an externally bonded PBO- FRCM system in U-
wrapped continuous and strip configurations. The crack propagations and beam failure behavior were inspected. The 
1566
percentage of increase in load carrying capacity and ductility performance of the PBO- FRCM system are discussed 
as well. 
EXPERIMENTAL PROGRAM 
Test Specimens and Materials 
The beam dimensions used in this study were 2133 mm (84 in.) long, 305 mm (12 in.) deep, and 203 mm (8 in.) 
wide. The distance between the supports was 1905 mm (75 in.). The center to center distance between the positions 
of load was 686 mm (27 in.). Five RC beams were fabricated. Each beam specimen had longitudinal and transverse 
reinforcements. The flexural reinforcements consisted of three 22 mm (No. 7) diameter as bottom reinforcements 
and two 10 mm (No. 3) diameter as top reinforcements. The shear reinforcements consisted of 10 mm (No. 3) 
diameter stirrups placed at 127 mm (5 in) spacing. Figure 1 is shown the dimensions and reinforcements’ detail. The 
longitudinal steel reinforcements had a yield stress of 412 MPa (60 ksi) .The shear reinforcements had a yield stress 
of 345 MPa (50 ksi). The yield strength of each rebar type was determined based on ASTM A370 (2012a) of three 
coupon tested samples. 
Figure 1 Typical geometry and reinforcements of the beam specimens 
The concrete material properties were obtained from a series of standard cylindrical specimens with 100 mm (4 in.) 
diameters and 200 mm (8 in.) heights, ASTM C39/C39M (2014) and C469/C469M (2014) were followed. The 
measured compressive strength and elastic modulus were 45MPa (6500 psi) and 33(4800 ksi) respectively at the 
date of testing beam specimens. Specifications of the PBO-fiber and the cementitious mortar manufactured by 
Ruredil Company for construction chemicals and building technology, Italy are presented in Table 1. 
Table 1 PBO-FRCM properties by Ruredil company 
PBO Fibers Properties 
Density 1.56 g/cm3 (0.056 lb/in3) 
Tensile strength 5.8 GPa (840 ksi) 
Modulus of elasticity 270 GPa (39 160 ksi) 
Ultimate deformation 2.15% 
Inorganic Matrix Properties 
Compressive strength 40.0 MPa (5800 psi)  at 28 days 
Secant modulus of elasticity > 7.000 MPa (1015 psi)  at 28 days 
The compressive strength of the cementitious mortar was found by testing five 50 mm (2 in.) cubes in accordance 
with ASTM C109 (having an average of 31 MPa (4500 psi) at the time of the beam specimen testing. 
PBO-FRCM Strengthening Schemes 
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One unstrengthened beam served as a control specimen. Vertical U-wrapped PBO sheet was used as it is the most 
effective strengthening configuration for reinforced concrete beams. Two different configuration of strengthening 
were considered in this study. Two beams were strengthened with strips of the PBO-FRCM system that had a 102 
mm (4 in.) width with 204 mm (8 in.) center to center spacing as shown in Figure 2a.The two other beam specimens 
were strengthened with continuous strips of the PBO-FRCM system over a width of 560 mm (22 in.) as shown in 
Figure 2b. The test matrix is represented in Table 2. 
(a) 
(b) 
Figure 2 Shear strengthening configurations: a) U-wrapped strips b) U-wrapped continuous 
Table 2  Test matrix 
Specimen FRCM # Ply Strip 
ID Type of Width Spacing 
Plies wf, mm (in) Sf, mm (in.) 
B-01 N/A N/A N/A N/A 
B-02 Strips 1 102 (4) 204 (8) 
B-03 Strips 4 102 (4) 204 (8) 
B-04 Continuous 1 560 (22) _ 
B-05 Continuous 4 560 (22) _ 
Specimen Preparation 
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The castings of the beams were made by ready-mix concrete. The specimens were left in room conditions and were 
strengthened after a concrete aging period of 28 days. To ensure a good bonding, the bottom surface and the sides of 
each beam specimen were sandblasted and cleaned by vacuum. The edges of the beam were rounded for 19 mm (¾ 
in.) radius based on the recommendation of ACI549R (2013) to prevent stress concentration failure at the edges. 
Before the application, the concrete surfaces were wet. The installation procedure of the PBO-FRCM systems was 
based on the recommendations of the manufacturer and ACI549R (2013). The first step involved applying the non- 
thixotropic mortar with polypropylene fibers (Exocem FP) to provide perfect adhesive to the concrete surface. In the 
second step, the first mortar layer (X MORTAR 750) was laid on for about 3 mm (0.12 in.) in thickness. In the third 
step, The PBO mesh was applied and pressed slightly into the first mortar layer to ensure a good contact with the 
mortar. Finally, the second mortar layer was covered with the PBO mesh and leveled to have a smooth finishing 
surface. In the case of applying four plies of PBO mesh, the procedure was repeated until all layers were applied and 
covered by the cementitious mortar. All strengthened beam specimens were cured for 28 days under the laboratory 
environmental conditions before any testing. Figure 3 shows the material and application steps for the PBO-FRCM 
strengthening system on the RC beams. 
Figure 3 Application of the PBO-FRCM system 
Instrumentation and Testing Procedure 
All the beams were loaded in four points loading using a vertically positioned MTS actuator as shown in Figure 4. 
All beam specimens were tested monotonically at a displacement rate control of 1.3 mm/min (0.05 in/min) up to the 
failure. Displacements were measured at mid-span using a linear variable differential transducer (LVDT) seated on 
one side of the beam specimens. A strain gauge (type 250BG) with a 6.35mm (0.25 in.) gauge length was used to 
record the strains data for longitudinal, transverse reinforcements and the PBO-FRCM. One strain gauge was set at 
the mid span of the longitudinal rebar .one strain gauge was set at the close d stirrup to the support. Three strain 
gauges were set on the PBO-FRCM strengthening system at each side of the beam on three different levels. The 
measurements of the load versus mid-span displacement were collected from the data acquisition system for each 
tested beam. 
 PBO meshInorganic 
matrix
Sandblasted
surface
Cementitious  
mortar 
Base Mortar PBO fabric FRCM system 
Exocem FP 
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Figure 4 Beam test set- up 
Test Results 
The load–midspan deflection relationship is shown in Figure 5 for all beam specimens. The control beam (B-01) 
failed in shear, as expected, through the formation of diagonal tension cracks in the shear span as shown in Figure 
5a. The ultimate load was 325 kN (73 kips) with a midspan deflection of 9.25 mm (0.36 in.). The beam specimen 
that strengthened with one ply U- wrapped strips of the PBO-FRCM (B-02) was failed by a diagonal tension shear 
failure followed by slippage of the PBO-FRCM system as seen in Figure 5b. The ultimate load was 383 kN (86 kips) 
with a midspan deflection of 12.44 mm (0.49 in.). The beam specimen that were strengthened with four plies U- 
wrapped strips of the PBO-FRCM (B-03) failed by a diagonal tension shear failure followed by debonding of the 
PBO-FRCM system as seen in Figure 5b. The beam specimen (B-03) exhibited the same failure load and midspan 
deflection as beam specimen (B-02). The beam specimens that were strengthened with continuous U-wrapped strips 
(B-04) and (B-05) failed by shear flexure cracks. The ultimate loads for these beams were 400 kN (90 kip) and 423 
kN (95 kip) with a midspan deflection of 16 mm (0.62 in.) and 17 mm (0.67 in.) respectively. There were no sudden 
brittle shear failures observed for the strengthened beams. That is concluded the effective contribution of the closed 
spaced stirrups, the dowel action provided by three 22 mm (0.85 in.) in diameter (No.7) longitudinal rebars, and the 
PBO-FRCM strengthening system. The PBO-FRCM strengthening system enhances also the stiffness of the beam 
specimens. As the load started to increase the strengthen beam specimens observed higher stiffness as seen in Figure 
5. Especially, the continuous U-wrapped strengthening increased significantly the beam specimen’s stiffness. In
addition, using four plies of the PBO-FRCM system were more effective than one ply. The stepped drop in the load 
carrying capacity which seen in Figure 5, represents the loss in the stiffness of the beam specimens as the cracks 
developed and become wider. Table 3 is presented the percentage increase in the load carrying capacity and 
displacement ductility over the control beam specimen. 
(a) (b) 
   Figure 5 Load- midspan deflection curves 
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Table 3 Load carrying capacity and ductility 
Specimen ID Experimental % Increase in Ultimate % Increase in 
Ultimate Load, Load Carrying Deflection Ductility 
kN (Kips) Capacity mm (in) 
B-01 325 (73) 9.24 (0.36) 
B-02 383 (86) 18% 12.44 (0.49) 35% 
B-03 384 (86) 18% 11.53 (0.45) 25% 
B-04 400 (90) 24% 16 (0.62) 72% 
B-05 427 (96) 32% 17 (0.67) 85% 
 Figure 6 Failed beam speciemns photes 
Crack progression in the beams (B-01), (B-02) and (B-03) began with the appearance of shear cracks near the 
supports and extended diagonally toward the loading points. As the load was increased the cracks became wider 
until the final drop in the load carrying capacity where observed. Wider cracks were observed in the beam specimen 
(B-03) than that observed in beam specimen (B-02). That can be explained due to the variation in the shear strength 
provided by the aggregate interaction which had less attribution in beam specimen (B-03).Then the wider cracks 
engaged the two plied of the PBO-FRCM system to carry the shear load till rupture so the other outer plies had no 
longer contribution in the shear carrying capacity and that terminate the test with the same load carrying capacity as 
beam specimen (B-02). The beam specimens (B-04) and (B-05) observed a different behavior. The beam specimens 
provide higher stiffness as seen in Figure 5b. No shear cracks were observed during the test. However after 
removing the PBO-FRCM system, there were finer shear cracks close to the face of the supports. The transverse 
reinforcements were reached the yield stress and the continuous U-wrapped PBO-FRCM system holds the beam 
specimens against brittle shear failure. Then the mode of failure was changed to flexure through unwrapped regions 
followed by crushing in the concrete as seen in Figure 5 and 6. The higher ductility provided where the longitudinal 
reinforcements become more active to resist loads in charge of continuous U-wrapped PBO-FRCM against shear 
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failure. The recorded strains in the longitudinal and transverse reinforcements with the PBO-FRCM system are 
shown in Table 4. The strain reading in the longitudinal rebars and stirrups were yielded in all beam specimens .The 
strain readings for the PBO-FRCM system represented the higher recorded value out of six readings for each beam. 
Although, it was hard to say if those values represented the maximum reachable value in the PBO-FRCM system 
since the shear crack path is unexpected and the location of the strain gauges were not perfectly match the actual 
crack path. 
Table  4 Strain readings in Rebar’s and PBO-FRCM 
Strain Reading Strain Reading Strain Reading 
Specimen ID Midspan Rebar Stirrups PBO-FRCM 
mm/mm, in./in. mm/mm, in./in. mm/mm, in./in. 
B01 0.0022 0.0020 
B02 0.0074 0.0022 0.0013 
B03 0.0074 0.0060 0.0028 
B04 0.0070 0.0025 0.0020 
B05 0.0060 0.0024 0.0020 
CONCLUSIONS 
The PBO-FRCM technology is still a novel system under investigation and more experimental results are in need to 
understand better the performance of the PBO-FRCM system in shear strengthening applications. The main findings 
of this work are summarized as follows: 
1- No debonding between the base concrete and the cementitious bonding agent was noticed. 
2- The strengthened beams had more ductile behavior near failure than the control beam. That concluded the PBO-
FRCM system‘s effectiveness in enhancing the shear carrying capacity of reinforced concrete beams. 
3- The continuity of the U-wrapping would minimize the effect of stress concentration presented in strip 
configurations. That provided a better ductile behavior with an increase in the load carrying capacity of 24% for 
beam specimen strengthened with one ply and 32% for beam specimen strengthened with four plies. 
4- The continuous U-wrapped strengthening configuration has a great impact on enhancing beam specimens’ 
stiffness. 
5- No increase in the load carrying capacity observed for using four plies of the PBO-FRCM system in strip 
configuration verses one ply. 
6- Strengthening with continuous U-wrapped PBO-FRCM system had a great impact on enhancing the 
displacement ductility performance in comparison with one ply. 
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